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ABSTRACT 

We present a high-resolution Keck/ESI spectrum of GRB 030226, which exhibits four absorption sys- 
tems at z = 1.04329, 1.95260, 1.96337, and 1.98691. The two highest redshift systems, separated by 
about 2400 km s , have been previously suspected as kinematic features arising in the circumstellar 
wind around the progenitor star. However, the high column densities of low-ionization species (including 
possibly neutral hydrogen) in the blue-shifted system, are inconsistent with the expected highly ionized 
state of the circumstellar wind from the massive progenitor star, even prior to the GRB explosion. This 
conclusion is also supported by the lack of detectable absorption from fine-structure transitions of Si II 
and Fe II. Instead we conclude that the two redshift systems are similar to multiple DLAs found in 
QSO sight lines with a similar velocity separation and chemical abundance of [Cr/Fe] and [Zn/Fe]. The 
absorption system at z — 1.96337 is likely an intervening low-mass galaxy, possibly related to the GRB 
host as part of a forming large-scale structure. 

Subject headings: cosmology: observations — galaxies: abundances — galaxies:ISM — gamma 
rays:bursts 



1. INTRODUCTION 

The idea that the progenitors of long-duration 7-ray 
bursts (GRBs) are massive stars is now well-established, 
based in particular on the detection of associated type Ic 
supernovae (e.g., Galama et al. 1998; Stanek et al. 2003). 
The nature of these supernovae, and theoretical considera- 
tions, have lead to the suggestion that the progenitors are 

, massive Wolf-Rayet (WR) stars (MacFadyen & Woosley, 
1999). Such stars shed a considerable fraction of their 
mass in a fast (~ 10 3 km s^ 1 ) wind (e.g., Abbott 1978). 
As a result, absorption spectroscopy of GRB afterglows 

■ can in principle probe the composition and kinematics of 
the wind, providing in turn direct information on the na- 
ture and identity of the progenitor star. Previous observa- 
tions have in fact uncovered such blue-shifted absorption 
systems, which have been used to argue for carbon-rich 
(WC) Wolf-Rayet progenitors (e.g., Mirabal et al. 2003; 
Fiore et al. 2005; Berger et al. 2006), potentially in binary 
systems (Starling et al., 2005; Berger et al., 2006). 

One central question to answer in applying the poten- 
tially powerful diagnostics from absorption lines is whether 
blue-shifted absorbers arise from outflowing circumstellar 



gas, or separate intervening absorbers arising from dif- 
ferent galaxies. In addition, the intense radiation held 
produced by the GRB can modify the circumstellar envi- 
ronment through ionization, excitation, and destruction of 
dust grains (e.g., Perna & Loeb 1998; Draine & Hao 2002). 
However, these processes, as well as the relative abundance 
of low- and high-ionization ions, may in fact serve to dis- 
tinguish the location of the absorbers (Prochaska et al., 
2006). 

Here we analyze a high resolution spectrum of 
GRB 030226 in a continued effort to characterize the cir- 
cumstellar and interstellar environments around GRBs. 
This burst is of particular interest because it is one of only 
a few that exhibit a blue-shifted absorption system with a 
velocity of a few x 10 3 km s _1 (Klose et al., 2004), possibly 
representing the circumstellar wind from the progenitor 
star. However, based on the relative strengths of the low- 
and high-ionization lines, and the lack of detectable fine- 
structure transitions we conclude that the blue-shifted ab- 
sorption system is not circumstellar. Instead we conclude 
that the blue-shifted system is an intervening galaxy sim- 
ilar to the multiple DLAs found in some quasar spectra 
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(Ellison & Lopez, 2001; Lopez & Ellison, 2003). 

2. OBSERVATIONS 

GRB 030226 was detected by the HETE-2 satellite on 
2003 February 26.157 UT. The optical afterglow was dis- 
covered with the du Pont 100-inch telescope at Las Cam- 
panas Observatory 2.6 hr after the burst (Fox et al., 2003), 
followed by a measurement of the redshift, z = 1.986 
(Klose et al., 2004). The latter authors present an analysis 
of a low resolution spectrum obtained with the VLT, which 
also exhibits a second absorption system at z = 1.962. 

We obtained a 2700 s spectrum of the afterglow with the 
Echellette Spectrograph and Imager (ESI) mounted on the 
Keck II 10-m telescope starting 4.2 hr after the burst. The 
data were reduced using custom IRAF routines to bias- 
subtract, flat-field, and rectify the ten individual echelle 
orders. Sky subtraction was performed using the method 
and software described in Kelson (2003). Wavelength cali- 
bration was performed using CuAr and HgNeXe arc lamps 
and air-to-vacuum and heliocentric corrections were ap- 
plied. The spectrum covers the range of 3900-10500 A at 
a velocity resolution of 11.5 km s _1 . The signal-to-noise 
over the bulk of the spectral range (4500 — 9500 A) is about 
40. 

We obtained a second spectrum, totaling 6000 s, to 
search for variability in the wavelengths and equivalent 
widths with ESI 27.4 hr after the burst. The data were 
reduced in the manner detailed above. The signal-to-noise 
of this second spectrum is about 10. 

In the first spectrum, shown in Figure 1, we iden- 
tify four absorption systems at z\ = 1.04329 ± 0.00001, 
z 2 = 1.95260 ± 0.00004, z 3 = 1.96337 ± 0.00014, and 
Z4 = 1.98691 ± 0.00015. The absorbers z\, z 3 and Z4 were 
identified in Klose et al. (2004). We identify the additional 
absorber z 2 from its C IV lines. Finally , the uncertain 
lines at 5494 and 5517 A noted in the VLT spectrum are 
revealed as Al III lines of z 3 here. 

We further compared the equivalent widths and red- 
shifts of all lines detected in our two ESI spectra to search 
for time-dependent effects. Within the uncertainties of 
about 10% in equivalent width and about 10 km s _1 in 
redshift, we find no systematic changes for any of the low- 
and high-ionization lines. 

We measured the column densities of the various absorp- 
tion lines using the apparent optical depth (AOD) method 
(Savage & Sembach, 1991): 

r a (v) = -ln[I ohs (v)/I c (v)}, (1) 

where 7 b s and I c are the observed and continuum inten- 
sities, respectively. The apparent column density is given 
by: 

N a (v) = 3.768 x 10 14 f\T a (v) cnT 2 (km s" 1 )" 1 , (2) 

where fx and A arc the oscillator strengths and wave- 
lengths of the absorption lines, respectively. The total 
apparent column density is given by N a — j*^" N a (v)dv 
between velocity limits vi and v u . The measured rest- 
frame equivalent widths and inferred column densities for 

12 But see Prochaska (2006) for the impact of spectral resolution on 



each line are given in Tables 1 and 2, and the final adopted 
columns are summarized in Table 3. 

3. RESULTS 

The absorption systems z 3 and Z4 are separated by 2360 
km s _1 and exhibit strong low- ionization lines of Fe II, 
Si II, Al II, and Mg II, as well as high-ionization lines of 
Si IV, C IV, and in the case of z 3 Al III. The kinematic 
structure of these lines is apparent in the column density 
profiles shown in Figure 2. The low-ionization lines show 
two and three sub-components spanning a total velocity 
range of about 300 and 400 km s _1 for z 3 and z 4 , respec- 
tively. This is similar to the absorption profiles found in 
previous echelle spectra of, for example, GRB 051111 (Pen- 
prase et al., 2006; Prochaska et al., 2006). On the other 
hand, the high-ionization lines show only a single asym- 
metric peak, which coincides in velocity with the strongest 
sub-component of the low-ionization lines (Figure 2). 

3.1. Abundances 

Our ability to measure the chemical abundances of the 
z 3 and Z4 absorbers is somewhat limited by line satura- 
tion and the uncertainty in the hydrogen column density. 
Still, for the low-ionization species we are able to derive 
robust column densities for Fe II, as well as limits for Cr II, 
Zn II, and excited fine-structure states of Si II and Fe II. 
Compared to most previous GRB absorption systems (e.g., 
Savaglio & Fall 2004), the column densities of Fe II are 
at least 0.5 dcx lower, logA^(Fell) = 14.45 and 14.8, re- 
spectively (see Figure 3). Based on the non-detection of 
Fe IIA2260, we find logA'XFell) < 14.9 and < 15.1, re- 
spectively, indicating that saturation is not a significant 
problem. 

The limits on Cr II and Zn II are derived by applying 
the AOD method to the appropriate velocity range around 
Cr IIA2056 and Zn IIA2026. We find logTV(Znll) < 12.6 
and < 12.7, and logiV(CrH) < 13.1 and < 13.4 for z 3 and 
Z4, respectively. Thus, [Cr/Fe] < 0.4 for both systems, 
in good agreement with the values measured for QSO ab- 
sorbers of - 0.1 - 0.3 (Figure 3). Similarly, [Zn/Fe] < 1.0 
and < 0.75 for z 3 and Z4, respectively, placing it within the 
range of values found for QSO absorbers, [Zn/Fe] ^0—1 
(e.g., Meiring et al. 2006). The majority of previous GRB 
absorbers have [Zn/Fe] J> 1.0, which has been interpreted 
as an indication for dust depletion 12 (Savaglio & Fall, 
2004) based on the fact that zinc is a non-refractory el- 
ement, while iron can be strongly depleted in dust grains. 
In the case of GRB 030226, multi-band afterglow observa- 
tions and polarization measurements (Klose et al., 2004) 
point to a low dust-to-gas ratio along the line of sight. 
This suggests that our values of [Zn/Fe] and [Cr/Fe] are 
meaningful upper limits. 

To derive the mctallicity of z 3 and z 4 we re-analyzed the 
VLT/FORS2 spectrum presented in Klose et al. (2004) fol- 
lowing the procedures outlined in §2. The signal-to-noise 
at the location of the Lya absorption feature is low, ~ 3 
per resolution element, but we find that the line profile 
is best fit with a pair of absorbers at the rcdshifts of z 3 
and Z4, each with log ^(H 1)^ 20.5 and an uncertainty of 

ie conclusions. 
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about 0.3 dex; a more marginal fit for a single absorber 
has z = 1.975 and log N (H I)- 21.2 (see inset in Fig- 
ure 1). Thus, using the limit on Zn II, we find a metallicity 
[Zn/H] < —0.5 and <J —0.4 for z 3 and z 4 , respectively. As- 
suming iron is weakly depleted as discussed above we find 
[Fc/H] ~ — 1.5 and ~ —1-2, respectively. These values are 
at the low end of the distribution for GRB-DLAs (Berger 
et al., 2006). 

3.2. Kinematics 

Our primary interest is in understanding the nature of 
the Z3 and 24 systems in light of their 2400 km s^ 1 veloc- 
ity separation. This is similar to the multiple absorption 
features spanning ~ 3000 km s _1 observed in the spec- 
trum of GRB 021004, which have been interpreted to arise 
in the circumstellar wind of the massive progenitor star 
(Moller et al., 2002; Schaefer et al., 2003; Mirabal et al., 
2003; Fiore et al., 2005; Starling et al., 2005). An alterna- 
tive explanation is that 2:3 could be an intervening system, 
while the absorption lines of 24 arise from interstellar gas 
in the GRB host galaxy. Such multiple intervening absorp- 
tion systems have been found in QSO spectra (Ellison & 
Lopez, 2001; Lopez & Ellison, 2003; Masiero et al., 2005). 

Several lines of evidence suggest that the circumstellar 
wind scenario 13 is an unlikely explanation. First, unlike 
in the case of GRB 021004 we do not detect an interme- 
diate velocity (few hundred km s -1 ) absorber. Such an 
absorber is expected to arise from the interaction of the 
WR wind with the red supergiant wind (van Marie et al., 
2005). Still, this may not be a significant problem for the 
circumstellar model if the GRB explosion occurred more 
than ~ 10 5 yr after the onset of the WR phase, since 
on this timescale the shell dissipates into the circumstellar 
bubble (van Marie et al., 2005). If this was in fact the case, 
then it would appear that the progenitor of GRB 021004 
exploded earlier in its evolution compared to the progeni- 
tor of GRB 030226. 

However, a more difficult problem to overcome for the 
circumstellar model is the presence of strong low-ionization 
lines in spite of the progenitor and the burst ionizing 
radiation. This problem has already been noted for 
GRB 021004, in particular the detection of outflowing hy- 
drogen gas kinematically coincident with highly ionized 
gas (C IV, Si IV). From the observed brightness of the 
burst, V w 19 mag at t = 4.6 hr (Klose et al., 2004), we 
expect species such as Mg II (with cr p h = 7 x 10~ 20 cm 2 
at E = 15 eV) to be ionized out to a distance of about 50 
pc from the burst (following the formulation of Prochaska 
et al. 2006) in the absence of shielding by a large column 
of neutral hydrogen gas. The fast WR wind is expected to 
span only <J 10 pc, well within the expected radius of the 
Stromgren sphere, ~ 20 — 30 pc (van Marie et al., 2005), 
and therefore well inside of the region of ~ 50 pc in which 
Mg II and Fe II will be ionized in the absence of neutral 
hydrogen. 

In the case of GRB 021004, the ratio of Fe II to Si IV 
was logLV(FeII)/A(SiIV)] w -1.9 and -1.2 for the zero- 
velocity and the —2800 km s _1 systems, respectively 

13 Or for that matter other phenomena local to the burst such as a 
forming region with a scale of a few pc (e.g., Mirabal et al. 2003). 



(Fiore et al., 2005). However, here we find the opposite 
situation, namely Fe II is over-abundant relative to Si IV, 
with values of ~ 0.1 and 1.4 for z 3 and z 4 , respectively. 

Even if neutral hydrogen could survive near the progeni- 
tor star, the measured column density of log iV(HI) ~ 20.5 
cm~ 2 (§3.1) is more than four orders of magnitude larger 
than that of GRB 021004, and requires the presence of 
~ 30 M of hydrogen even if we limit the size of the WR 
wind to ~ 1 pc. There is no clear scenario that can allow 
for such a large mass of hydrogen within the WR wind. 
The inferred column density of Fe II is equally high in this 
context. For a mass loss rate of ~ 10~ 5 M Q yr _1 and 
an iron mass fraction of about 10~ 3 (Grafener & Hamann, 
2005) the expected column density is only about 2 x 10 12 
cm~ 2 if the iron is distributed uniformly over a radius of 
1 pc. Clumping may lead to regions of significantly higher 
column density, but in this case we expect only partial 
covering, as opposed to the observed zero transimission at 
the bottom of the absorption features. 

Finally, the absence of absorption features from fine- 
structure Fe II and Si II suggests that the gas is located 
far from the burst, in the framework of radiative pump- 
ing, and/or has a relatively low density if we consider col- 
lisional excitation. We find a limit of log ./V (Fell*) < 12.7 
and < 12.6 for z% and Z4, respectively, from the non- 
detection of Fe IPA2396. This corresponds to a ratio of 
N (Fell* ) /N (Fell) < lO" 18 and < 10~ 2 - 2 for the two ab- 
sorbers. In comparison, for GRB 051111 the corresponding 
value was about 10~ 1,3 (Pcnprase et al., 2006; Prochaska 
et al., 2006). For Z3 the limit on fine-structure Si II* is 
A(SiII*)/A(SiII) < lO" 1 ' 3 , somewhat lower than the de- 
tected ratio of 10 -12 in the case of GRB 051111 (Pcnprase 
et al., 2006; Prochaska et al., 2006); Si II* for 24 is blended 
with the C IVA1550 line of z 2 , preventing a useful limit on 
the column density. 

In the context of collisional excitation, the limit on 
A(SiII*)/A(SiII), indicates a hydrogen volume density of 
^ 5 x 10 3 cm~ 3 for T = 10 3 K and an electron fraction 
of < 10~ 4 (Silva & Viegas, 2002). In the case of radia- 
tive pumping, the non-detection of fine-structure absorp- 
tion suggests that the gas is located ;> 100 pc away from 
the burst (Prochaska et al., 2006), much beyond the fast 
WR wind. This limit is further supported by the lack of 
changes in line equivalent widths (§2). 

We note that in the case of GRB 021004 it has been ar- 
gued that it may be possible to maintain low-ionization 
species (and hydrogen) in the circumstellar environment if 
the GRB jet was for example structured (Starling et al., 
2005), or as a result of shielding and mixing (Mirabal et al., 
2003). However, these explanations are at best speculative 
for the case of GRB 021004, and are unlikely to work in the 
more extreme case of high column density low-ionization 
species in GRB 030226. 

Based on these various lines of reasoning, we conclude 
that the blue-shifted system does not arise in the progeni- 
tor wind. Instead we conclude that z% and Z4 are multiple 
DLAs, remarkably similar to the multiple intervening ab- 
sorbers found by Ellison & Lopez (2001); Lopez & Ellison 

superbubble produced by stellar winds and supernovae in the burst's star 
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(2003) at a similar redshift and with a similar velocity 
of separation of ~ 2000 km s _1 . In particular, the z$ 
absorber is similar to absorbers CTQ247C observed by 
Lopez & Ellison (2003) and DLA B introduced in Ellison 
& Lopez (2001). Both of these have a similar hydrogen 
column density with no detectable Cr II and Zn II lines. 

4. DISCUSSION 

We find four absorption systems in the spectrum of 
GRB 030226, of which the two highest redshift systems are 
separated by only 2400 km s" 1 . Absorber z^ is separated 
by about 3400 km s _1 from Z4 and 1100 km s _1 from Z3, 
but is detected only in C IV. As such it most likely arises 
in the halo of an intervening galaxy. Although Z3 was pre- 
viously suspected to arise in the outflowing circumstellar 
gas surrounding the progenitor star (Klose et al., 2004), we 
conclude that this scenario is unlikely based on the pres- 
ence of high column density low-ionization species, the lack 
of excited fine-structure lines, the large column density of 
iron, and the possible presence of large column density of 
neutral hydrogen. A more likely scenario is that system 
z 3 is an intervening absorber. 

This conclusion leaves only GRBs 021004 and 050505 as 
showing potential evidence for wind outflows from the pro- 
genitor star. In the former case, the presence of high veloc- 
ity neutral hydrogen, as well as Mg II and Fe II, presents a 
challenge in the context of WR wind models and the ion- 
izing radiation of the burst (Starling et al., 2005). In the 
latter case, only high-ionization C IV is detected in outflow 
(Bcrger et al., 2006), removing the problem of explaining 
the presence of low-ionization lines, but the low resolution 
of the spectrum prevents a detailed study. Given the influ- 
ence of the kinematic and ionization structure of the wind 
in the pre-explosion environment, as well as the effects of 
the GRB radiation field itself, it is of prime importance to 
make model predictions for the type and column density 
of various ionic species that can be observed in the after- 
glow spectrum. Such models can be used to assess whether 
any of the outflowing systems observed to date are in fact 
signatures of the stellar wind. 

Assessing Z3 as an intervening absorber, we note that 
both Z3 and the host galaxy absorber Z4 exhibit similar 
abundances and kinematics compared to previous GRB- 
DLAs and multiple DLAs found in QSO sight lines. As- 
suming that iron is weakly depleted (as suggested by sev- 
eral lines of evidence, see §3.1) the gas metallicity is some- 
what lower than in most previous GRB-DLAs, [Fe/H] ~ 
— 1.5 and ~ —1.2, respectively. 

Since z% most likely represents an intervening galaxy, we 



may be able to identify it in deep imaging around the GRB 
position, and spectroscopy of possible intervening galaxies 
in the field. Previous narrow-band imaging observations 
aimed at finding Lya emission in the range z « 1.94 — 2.0, 
have uncovered three galaxies that may have similar red- 
shifts to the Z2 and 23 absorbers (Jakobsson et al., 2005). 
No source was detected at the GRB position. These puta- 
tive counterparts are faint and it is reasonable to interpret 
both the undetected GRB host galaxy and the intervening 
systems as low mass galaxies with low metallicity and dust 
content. 

The remaining open question is whether there is a link 
between the GRB host absorber and the intervening sys- 
tems. It has recently been shown that the probability 
of finding multiple intervening absorbers toward GRBs is 
larger compared to QSO sight lines (Prochter et al., 2006). 
However, the majority of these systems are separated by 
> 10 4 km s _1 and are unlikely to be physically connected. 
With a velocity separation of 2400 km s _1 it is conceivable 
that Z3 and the GRB host are part of the same large-scale 
structure, as has been suggested for the multiple DLAs 
in QSO sight lines (Lopez & Ellison, 2003). Future ob- 
servations of the environment of GRB 030226, as well as 
similar absorption systems may shed light on the depen- 
dence of the number and velocity difference of intervening 
systems on the properties of GRB host galaxies and their 
large-scale environments. 
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Table 1 

Line Identification for z\ and z 2 



■^obs 


Line 


fij 


Wo 


log N 


(A) 






(A) 


(cm- 2 ) 


Zl = 1.04329 


5713.77 


Mg 11 2796.35 


0.6123 


0.30 ±0.01 


12.95 ± 0.02 


5728.38 


Mg II 2803.53 


0.3054 


0.27 ± 0.01 


13.16 ± 0.02 


22 = 1.95260 


4571.11 


C IV 1548.20 


0.1908 


0.12 ±0.01 


13.54 ± 0.04 


4578.85 


C IV 1550.77 


0.0952 


0.09 ±0.01 


13.77 ±0.06 



Note. — Absorption features of the intervening redshift systems z\ and 22 identified in 
our spectrum of GRB 030226. Uncertainties are la. 
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Table 2 

Line Identification for z 3 and z 4 



1.96337 



Zi = 



1.98691 



Line 



fij 




w 

(A) 



logJV 

(cm- 2 ) 




(A) 



log N 

(cm- 2 ) 



Si IV 1393.75 





5280 


4130 


.03 





.751 


± 





.008 


14 


.28 


± 





.02 


4163. 


70 





.190 


± 





.020 


13. 


44 


± 





.05 


Si IV 1402.77 





.2620 


4156 


.77 





.681 


± 





.009 


14 


.41 


± 





.02 


























Si II 1526.71 





1270 


4523 


.30 





.784 


± 





.007 


14 


.74 


± 





.02 


4558. 


,77 





.969 


± 





.012 


14. 


75 


± 





.01 


C IV 1548.20 





.1908 


4587 


.62 





.848 


± 


0. 


008 


14. 


.64 


± 


0. 


02 


4625 


.02 


0. 


.318 


± 





.018 


13. 


97 


± 





.03 


C IV 1550.77 





.0952 


4595 


.50 





.755 


± 


0. 


.009 


14. 


.83 


± 


0. 


02 


4632 


56 


0. 


.199 


± 





.018 


14. 


06 


± 





.04 


Fe II 1608.45 


0. 


0580 


4764 


.75 





.305 


± 





.007 


14 


.45 


± 


0. 


.02 


4802. 


.22 





.637 


± 





.008 


14. 


81 


± 





.02 


Al II 1670.79 


1 


8800 


4951 


.64 





.811 


± 


0. 


.007 


13 


51 


± 


0. 


02 


4989. 


.84 


0. 


.904 


± 





Oil 


13. 


.45 


± 





.01 


Al III 1854.72 





.5390 


5495 


.90 





.469 


± 


0. 


.006 


13. 


.57 


± 


0. 


02 


























Al III 1862.79 





.2680 


5519 


.88 





.291 


± 


0. 


.006 


13. 


62 


± 


0. 


02 


























Fe II 2344.21 





.1140 


6946 


.88 





.887 


± 





.004 


14 


.36 


± 





.01 


7001. 


.30 


1 


.399 


± 





.005 


14. 


58 


± 





.01 


Fe II 2374.46 





.0313 


7036 


.33 





.378 


± 





.006 


14 


.45 


± 





.02 


7091. 


.71 





.788 


± 





.008 


14. 


79 


± 





.01 


Fe II 2382.77 





.3200 


7061 


.33 


1 


.320 


± 





003 


14 


.22 


± 





01 


7116. 


45 


1 


.828 


± 





.005 


14. 


32 


± 





.01 


Fe II 2586.65 





.0691 


























7725 


35 


1 


.367 


± 





.006 


14. 


67 


± 





.01 


Fe II 2600.17 





2390 


7705 


.29 


1 


.335 


± 





.003 


14 


.24 


± 





.01 


7765. 


60 


1 


.929 


± 





.007 


14. 


37 


± 





.01 


Mg II 2796.35 





6123 


8286 


.77 


1 


.939 


± 





.006 


14 


.12 


± 


0. 


.02 


8351 


53 


2 


.647 


± 





.015 


14. 


17 


± 





.01 


Mg II 2803.53 





.3054 


8307 


.97 


1 


.778 


± 





.004 


14 


.42 


± 


0. 


.01 


8373. 


.01 


2. 


.478 


± 





.006 


14. 


39 


± 





.01 



Note. — Absorption features of the redshift systems 23 and Z4 identified in our spectrum of 
GRB 030226. Uncertainties are la. 



Table 3 

Ionic Column densities for z 3 and z 4 



Ion 


23 


Z4 


logW 


\o g N 


CIV 


> 14.83 


14.06 


Mg II 


> 14.42 


> 14.39 


Al II 


13.51 


13.45 


Al III 


13.62 




Si II 


> 14.74 


> 14.75 


Si IP 


> 14.74 


> 14.75 


Si IV 


> 14.41 


13.44 


Cr II 


< 13.1 


< 13.4 


Fell 


14.45 


14.79 - 15.13 


Fell* 


< 12.7 


< 12.6 


Zn II 


< 12.6 


< 12.7 



Note. — Ionic column densities of the 23 and Z4 
absorption systems. 
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Fig. 1.— Normalized spectrum of GRB 030226 afterglow obtained on 2003 Feb. 26.333 UT (4.22 hours after the burst) 
and (inset) the part of the VLT/FORS2 spectrum around the Lya absorption line. Green, magenta, blue, and red colors 
correspond to absorption lines of z — 1.043, 1.952, 1.962, and 1.986 systems, respectively. The damped Lya absorption 
of VLT spectrum is better matched to two absorption systems of logiV(HI) = 20.5 at z 3 and Z4 (blue line) than a single 
absorption profile with z — 1.975 and log iV(HI) = 21.2 (red line). 
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Fig. 2. — Apparent column density, N a (v), plots for Z3 (panels a and c) and Z4 (panels b and d). High-ionization lines 
such as C IV show a single asymmetric peak, while low- ionization lines such as Fe II exhibit multiple sub-components. 
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Fig. 3. — Top): [Zn/Fe] vs. logTV(Fell) for Z3 and Z4, as well as previously-observed GRB-DLAs (orange squares) and 
QSO-DLAs (magenta for z < 1.5 and green for z > 1.5) from Meiring et al. (2006). (Bottom): Same but for [Cr/Fe]. 
Note that the error bars for the QSO-DLAs are over-estimated since the values were transformed with the assumption of 
non-correlated errors. 



